Introduction
Bacteria may carry determinants of resistance to a number of heavy metals, including silver, bismuth, cadmium, cobalt, copper, mercury, lead, nickel, thallium or zinc cations and the oxyanions of arsenic, chromium, antimony, tellurium or tungsten. Such resistance determinants have been reviewed extensively [ 1-41. Bacterial resistance to heavy metals is conferred by specific resistance determinants which are often, but not always, carried on plasmids or transposons.
Resistance is specific to one or a few metals, and the mechanisms of resistance include efflux of the metal, modification of the speciation of the metal, sequestration of the metal, or a combination of these mechanisms. Recent progress in understanding the mechanisms of heavy metal resistance has indicated that similar mechanisms for resistance to a single metal may occur across a wide range of bacterial genera, and that related mechanisms of resistance may apply to different heavy metals.
Living organisms have been in intimate contact with heavy metals released into the environment by geochemical processes since organisms first evolved, and over geological timescales micro-organisms have evolved to occupy ecological niches containing high concentrations of heavy metals. That similar mechanisms have been selected across different bacterial genera and for different metals is not surprising.
The proteins conferring metal resistance, the genetic regulatory mechanisms and the organisms conferring resistance to heavy metals are now beginning to be exploited in bioremediation and biomonitoring strategies for environments which are contaminated with heavy metals.
Mercuric ion resistance
Mercury resistance is the single most widespread resistance to any antimicrobial agent, including antibiotics, both in its frequency of occurrence and in the number and variety of bacterial genera in which it occurs. The mechanism of mercuric ion resistance has been studied intensely and it is essentially similar in all bacteria [S-71. Resist-' To whom correspondence should be addressed.
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ance is by detoxification of Hg" salts to non-toxic Hg', which is volatile and can escape from the immediate environment of the bacterial cell. Mercuric salts are reduced by the flavoenzyme mercuric reductase (E.C. 1.16.1.1) in the cytoplasm, using NADPH as the electron donor. Mercuric ion resistance therefore also requires proteins to transport Hg" into the cytoplasm. These transport proteins differ between bacteria: those encoded by determinants isolated from Gram-negative bacteria are similar to one another, but transport proteins from Gram-positive sources are different. In all cases cysteine residues appear important in the binding and transport of Hg". The transport proteins from mercury resistance (mer) determinants of Gramnegative bacteria include a small periplasmic protein, MerP, which contains a heavy metalassociated motif, Gly-Met-Thr-Cys-Xaa-Xaa-Cys, as the Hg"-binding site. The NMR structure of MerP is known [8] , and MerP-like sequences can be identified in a number of proteins which bind heavy metals [9] . These include mercuric reductase and heavy metal transporters from bacterial, yeast and human cells; in mercuric reductase [10, 11] and the human MNK copper transporter [ 121, these MerP-like regions are known to form separate domains.
In Gram-negative bacteria the mer genes are regulated by MerR, which acts as a positive regulator in the presence of Hg", acting on a single promoter producing a polycistronic transcript encoding the MerT, MerP, MerA and MerD proteins, and other proteins in some mer determinants [13] . The MerR protein specifically binds Hg", causing a conformational change in the protein, which causes distortion of the mer operator-promoter sequence, thus initiating transcription [ 141. Only Hg" causes significant transcriptional activation by MerR; Cd" activates only at 103-fold higher concentrations in vitro, and 106-fold higher concentrations in vivo, other metals are less effective [15] . MerR proteins from Gram-positive organisms are similar to those from Gram-negative organisms, and in both, MerR proteins which respond to organomercurials as well as inorganic Hg" have been identified [ 141.
Other metal resistance
Other metal resistance determinants are also inducible, either by a histidine kinase 2-component regulatory system (e.g. pco -copper resistance in Escherichia coli [16] ; czc -cadmium, zinc, cobalt resistance in Alcaligenes eutrophus [16] ; sil -silver resistance in E. coli; S. Silver, personal communication) or another mechanism (e.g. cop -copper resistance in Enterococcus hirae [17] ; pbr -lead resistance in A. eutrophus [18] ), and induction is limited to one or a few metals.
Broad-spectrum metal resistance due to sequestration by metal-binding proteins or peptides, as occurs in eukaryotes, is not found in prokaryotes. Metallothionein has been found rarely in bacteria, the best example being the SmtA protein of the cyanobacterium Synechococcus sp. PCC 7942 [19] . This protein is unlikely to be a resistance mechanism per se and is thought to be involved mainly in intracellular zinc homoeostasis in Synechococcus. It is inducible by zinc, and also by other heavy metals [19] ; its binding properties for heavy metals have been studied in some detail.
With the exceptions of mercuric ion resistance in Gram-positive and Gram-negative bacteria, the possible role of cyanobacterial metallothionein, and the sequestration of copper in copper-resistant Pseudomonas syringae, most bacterial metal resistance appears to be export systems [3] . Some of these are extremely complex, such as the czc system of A. eutrophus, which encodes a protein predicted to span, and therefore link, both the inner and outer membranes of this Gram-negative organism [20] . Other complex systems include the copper resistance determinant of E. coli. Others are simpler efflux systems. The ars determinant of Staphylococcus aureus confers resistance to arsenate, arsenite and antimonite [21] . There are two functional parts of the resistance determinant: the first is an arsenate reductase (the arsC product) which reduces arsenate to arsenite; the second is an arsenite transport protein, which is ATP-dependent and also pumps out antimonite.
A new interesting class of cation efflux transporters are the CPx ATPases [22] . These contain a CP(C/H) peptide motif in a transmembrane region, which is thought to be required for binding and transport of the heavy metal outwards across the inner membrane. Selectivity for the metal may reside in a cytoplasmic N-terminal domain of the protein, which resembles MerP and contains a heavy metal-associated peptide motif, related to Gly-Met-Thr-Cys-Xaa-Xaa-Cys. Such a domain is found in the copper resistance transporter of Enterococcus hirae [22] , in a newly-identified lead resistance protein, PbrA from A. eutrophus [18] , and in the zinc transporter 2 n d from E. coli [23] . A number of metal-binding proteins which are not transporters, such as the Atxl copper chaperone from yeast [24] , also contain this domain.
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Applications of heavy metal resistance determinants in environmental remediation and monitoring
Because mercuric ion resistance involves the conversion of Hg" salts into elemental mercury, there have been attempts to use this reaction to remove Hg" from aqueous waste, the Hgo so produced being removed in the gas phase. In the first such reported attempt [25] , a mercuryresistant Pseudomonas sp. was used in a pilot bioreactor to remove Hg" from an input stream containing 70 mg/l Hg". Approximately 98% of the Hg" was removed at a rate of 25 mg/l per h. Further attempts at such bioremediation of aqueous wastes have been limited, presumably because real wastes are not contaminated by a single metal, but by a multiplicity of metals. Further applications of these techniques may require the use of multiply-resistant organisms, carrying resistance to several metals.
T h e application of such bioremediation methods to other heavy metals is not particularly promising. Most resistance determinants merely export the contaminating metal from the bacterial cell. The metal is not removed from the aqueous or solid waste, although in some cases its speciation may be changed, or it may be mobilized by reducing its binding to other components of soil. Such changes in speciation (e.g. arsenate converted to arsenite) or mobilization may be of use with physicochemical methods to remove a metal from the soil or water.
Biosensors
The most important application of bacterial heavy metal resistance determinants to date has been in the construction of biosensors. Biosensors couple the high specificity and selectivity of biomolecular recognition with electronic instrumentation to transduce the biomolecular recognition event into a detectable signal. They are capable of high selectivity and sensitivity. Heavy metal biosensors differ from the chemical methods of determining heavy metal concentration in that the latter measure total concentrations of the metal (or of different metal species), whereas biosensors measure the bioavailable concentration of the heavy metal. Bioavailable concentrations may be lower than total concentrations, and may be more relevant to human health impact of metal contamination.
The biological component of heavy metal biosensors can be classified into two types: genebased biosensors and protein-based biosensors [26, 27] . The inducibility and specificity of bacterial heavy metal resistance determinants have been exploited in the construction of both types of biosensor.
Several laboratories have constructed genebased biosensors in which the regulatory gene and promoter region of a metal resistance determinant is used to express a protein that can be assayed (for example, [28-301). Such proteins include P-galactosidase, chloramphenicol acetyl transferase, or the luciferase proteins of Vibrio fischerii. In the latter, metal-dependent expression of the proteins can be measured by the amount of light emitted due to the action of luciferase; this can be detected in a scintillation counter or in a luminometer. Several groups hold patents on biosensors constructed by linking the mer promoter and regulatory region to the lux genes of V. jischerii. The Flemish Institute for Technological Research produces a kit containing a series of organisms that emit light in response to different metals. The difficulty of using such gene-based biosensors is that the biological component is a viable cell, and therefore one is limited to physiological conditions for measurement. The cell is easily poisoned by other contaminants of the sample.
Metal-responsive promoters respond in different ways to heavy metal ions. The mer promoter of Tn501 is a hypersensitive biological switch and expression of the promoter from 5 to 95% of full induction can occur across a 2-fold increase in metal ion concentration; the apparent Hill constant of the induction profile is approx. 2.6 "291. On the other hand, the pcoE promoter of E. colt' is induced by copper in a hyposensitive manner, with an apparent Hill constant of 0.67 [29, 30] . A biosensor made from the mer promoter would therefore be useful mainly for indicating when threshold levels of Hg" are exceeded, whereas a biosensor containing the pcoE promoter could give an indication of Cu" concentration across a wide range.
Enzyme-based biosensors for heavy metals are limited to those in which an assayable reaction occurs, such as mercuric reductase or arsenate reductase [26] . The majority of protein-based biosensors will need to utilize the binding properties of proteins for heavy metals.
We have recently constructed and tested a biosensor for heavy metals by immobilizing metal binding proteins on the surface of an electrode [31] . The Figure 1 shows the results of an assay in which the SmtA protein was used to detect copper over a wide range of concentrations. In the example shown, a small detectable increase in metal binding to the SmtA protein is detected from lo-'' M to lo-' M Cu", a huge dynamic range. This is readily reversible. From lO-'M to lo-' M Cu", the increase in binding is much greater, and appears not to be readily reversible. We believe that the shape of the binding curve reflects the formation of the metallothionein cage around the metal ions at physiological concentrations. Further work on the design and development of this biosensor is currently in progress. 
Conclusions and prospects
The variety of metal resistance determinants in bacteria is providing insights not only into the mechanisms whereby bacteria may handle heavy metals in the environment, but also into the interaction of heavy metals and proteins. The genes for regulation of expression of metal ion resistance and the proteins conferring resistance will be at least as important as the resistant organisms themselves in devising strategies to assess and remedy problems of heavy metal contamination in the environment.
